The paper deals with the properties of a beech wood surface treated by CO2 laser engraving. The studied concerns were the discoloration, changes to morphology assessed through roughness and waviness parameters, and surface wetting with standard liquids (water and diiodomethane), with the aim of determining the wood surface free energy. The results have confirmed that the studied properties of the beech wood surface varied significantly, which were affected by the laser beam power P and raster density n. With increasing P and n, the lightness L* (expressed in CIE L*a*b* color space) decreased significantly. We also observed significant variation in the color coordinates a* and b*. At 8% laser power, the roughness and waviness parameters measured parallel as well as perpendicular to the grain increased proportionally with the increasing raster density. However, 4% laser power was not associated with distinct changes. Increasing the raster density reduced beech wood surface wetting equally with water and with diiodomethane. This was reflected in the higher contact angle values. The wood surface exhibited higher hydrophobicity at 4% laser power. At this power, the increasing raster density was reflected in the decreasing surface free energy, due to its polar component decrease. At 8% laser power, the changes in surface free energy were very minor from the practical viewpoint. The results suggest a potential good adhesion between film-forming materials and wood. However, the gluing performance may be negatively affected by the high roughness attained at 8% laser power and at higher raster densities.
Introduction
Each type of wood surface treatment (mechanic, heat-hydro-mechanic, CO2 laser, and other) induces changes to the wood chemical and anatomical structure and consequently causes changes in these material properties. The absorbed energy-induced chemical changes to the main wood constituents are responded by the changes in the wood surface color, morphology, and also to its hydrophilic/hydrophobic performance [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] .
In this context, the substantial factors are the form of the energy supplied, the intensity of this energy, and the wood species used [14] [15] [16] [17] . Thus, it is necessary to specify and quantify the changes to the wood structure and surface properties resulting from specific surface pretreatment. These changes exert considerable impacts on wood wetting with film-forming materials and on the adhesion of these materials to wood, and as such, they also have important consequences for wood gluing and/or surface treatment [13, [18] [19] [20] [21] [22] [23] . Targeted wood surface discoloration as well as the modification of other wood surface properties are mostly performed based on empirical experience only. Therefore, quantification of the dependence of the discoloration extent on the supplied energy amount seems a promising tool for this problem solving.
One way to supply energy onto the wood surface is irradiation with a CO2 laser performing within the infrared spectral range (wavelength 10.6 μm). This progressive treatment technology uses a laser beam acting as a classic cutting tool. The method is frequently used for cutting, boring, labeling, and engraving surfaces in varied metallic and non-metallic materials [11, [24] [25] [26] . The profit of this treatment is that the known absorption coefficients enables determining the energy amount supplied onto the wood surface by the laser beam. In this way, the wood structure and properties can be modified according to the purpose intended [27] . The amount of energy supplied onto the wood surface with the aid of a laser beam can be controlled by adjusting the laser beam power, laser head movement speed, focal distance, and raster density (number of laser beam paths per one millimeter across the width) [11, 12, 28, 29] .
During wood surface engraving, the energy concentrated in the laser beam and supplied to the specified spot is converted to heat. The high temperature induces sublimation of a thin wood surface layer. Apart from the amount and concentration of the energy supplied, the sublimed-layer thickness also depends on the wood species, as there is a considerable species-specific variability in the structure and hardness, and moisture content. The type of the laser used also may cause variability (number of laser beam paths per one millimeter across the width) [4, 9, 28, [30] [31] [32] [33] .
During wood irradiation with a CO2 laser, more energy supplied means a greater decrease in the amount in polysaccharides contained in wood (primarily the degradation of hemicelluloses and a part of the amorphous component of cellulose) [4] . There were also detected changes to the lignin structure. Wust et al. [32] observed changes in the distribution of cellulose, hemicelluloses, and lignin through the cell walls. These authors specified the ranges for irradiation parameters guaranteeing wood melting without pyrolysis. The results of X-ray photo-electron spectroscopy (XPS) demonstrated raised amounts of unipolar bonds C-C and C-H, while the C-O bonds remained unchanged [33] . If the values of absorption coefficient and radiation intensity reaching the wood surface are known, the dependence of the discoloration intensity on the irradiation dose can be derived out [4, 11, 34] . The chemical changes are closely connected with the wood surface color variation. More energy supplied means more shifting the wood surface color to dark [35] . This is especially typical for the light-colored wood species.
Microscopic observations suggest that the wood surface treatment with a laser beam may smooth the wood roughness-due to melting wood cells down to a depth of several micrometers, still, without carbonization [9, 33] . Kúdela et al. [13] report that significant morphological changes manifested through increased roughness had not occurred but at the highest irradiation dose (75 J•cm −2 ), which was primarily as the result of the carbonized wood surface layer. Contrarily, engraving wood surface with a laser can have an opposite effect [10] . Gurau and Petru [29] observed that the surface roughness in maple wood was significantly influenced by the laser power and by the speed of the laser head displacement. With increasing the laser power, the values of all the studied roughness parameters were increasing linearly; with increasing the speed of the laser head displacement, these parameters were diminishing, without, however, following linear patterns. Different energy forms influencing wood also affect wood surface wetting with specific liquids [9, 13] . The liquid's capacity for wetting a solid material surface is assessed based on the contact angle value. The contact angle is an important indicator allowing predicting the adhesion strength for gluing and coating materials and to predict the effectiveness of wood thermal and chemical modification. Contact angles measured at the phase boundary with liquid standards provide a base for determining the thermodynamic characteristics of wood-the surface free energy and its components [36] [37] [38] [39] [40] [41] .
The contact angle values measured after the wood surface modification can serve for the prediction of variation trends in this material's hydrophilicity or hydrophobicity. Haller et al. [9] observed that the pine wood surface melts under the effects of a CO2 laser without carbonization (expected temperature not beyond 200 °C), exhibiting poorer wetting with water in comparison with the original, non-modified surface. The melt layer, reaching several millimeters downwards, significantly enhanced the surface hydrophobicity. This was subsequently reflected in the contact angle values more than 90° and in the slower soaking of the applied drop into the wood substrate.
The results obtained by Dolan [33] hint that the irradiated surfaces did not exhibit poorer wetting, but the opposite seemed true. The last cited work suggests that the wood laser treatment does not induce essential changes in the wood surface energy. The total surface energy was low, with a dominant dispersive component. The polar (acid-base) component displayed a significant reduction in comparison with the control samples. The Lewis base parameter of the acid-base component remained relatively high. The Lewis acidic parameter was lowered significantly: close to zero. In this case, the laser irradiation parameters were not the same as those used by [9] . Neither Kúdela et al. [13] could confirm the unequivocal influence of increasing irradiation dose on beech wood wetting with standard liquids. The last cited authors report that the surface free energy of beech wood expressed as the sum of the polar component determined from wetting with water and the disperse component determined from the wetting with diiodomethane decreased with increasing the irradiation dose, primarily due to the decreasing polar component.
Surveying the references, we can see that the results display differences between the authors. This is due to the different technical parameters of the laser used and also due to some differences between the irradiation methods. However, the results analyzed suggest that during irradiation with a CO2 laser, it is possible to attain the required surface properties by an appropriate choice of the irradiation parameters.
The aim of this work was an experimental study of beech wood surface treated with CO2 laser engraving. We evaluated the extent of change in color and morphology dependent on the laser power and the raster density. The surface morphology evaluation criteria were the roughness and waviness parameters. Another study issue was the impact of these changes on beech wood wetting with standard liquids and on surface free energy.
Materials and Methods
The wood engraving was performed with a CO2 laser CM-1309 (Shenzhen Reliable Laser Tech, Shenzhen, China) equipped with a 150 W glass laser tube ( Figure 1 ). The dimensions of the irradiated beech wood (Fagus sylvatica L) specimens were 100 mm × 50 mm × 15 mm ( Figure 2 ). The specimens were located under the focus of the focusing lens, at a distance of 17 mm. The laser head was moving over the specimen's surface, along the fiber direction, with a constant speed (350 mm•s −1 ). The radiation intensity varied with varying laser power and raster density n. One specimen series (30 pcs) was engraved at 4%, the other (30 pcs) was engraved at 8% of the maximum laser power (chosen from the equipment menu). The engraving was executed perpendicular to the grain, with raster densities of 1, 2, 5, 10, and 20 paths per one millimeter across the specimen width. So, the total specimens number was 30 plus 30 plus six referential ones. Under the relevant conditions, each specimen series was irradiated uniformly along the specimen length. The irradiation dose H (J•cm −2 ) corresponding to one beam path was calculated according to the equation:
where Pe (W) is the power of the laser beam bundle on the specimen surface, τ (s) is the irradiation time corresponding to one beam path (ratio between the specimen dimension x (cm) and velocity v (cm⋅s −1 ), and A (cm 2 ) is the area irradiated during one beam path. The working power of the laser, which is necessary for calculation of the irradiation dose, was measured with a power measuring equipment FieldMaxII-TOP (Coherent, Santa Clara, CA, USA), with a sensor PM150-50C located parallel to the specimen surface. The equipment measured the power of the laser beam bundle reaching the wood in the perpendicular direction. We also measured the width of the footprint imprinted on the beech wood surface by the laser beam bund generated under the relevant performance power.
Color Measurement
The color coordination values in the colorimetric space CIE L*a*b* before and after irradiation and the differences in the color coordinates ΔL*, Δa*, Δb* related to the control specimens were measured with a spectrophotometer Spectro-guide 45/0 gloss (BYK-GARDNER GmbH, Geretsried, Germany). The discoloration extent was determined through the total color difference ΔE* calculated according to Equations (2)-(5):
Note that the index "T" is used for the color value after wood surface irradiation, and "R" means the so-called referential (control) value obtained for the surface of original, untreated wood.
Roughness and Waviness Measurement
The morphological changes on a wood surface irradiated with a CO2 laser performing under different radiation modes were assessed through roughness and waviness parameters as well as based on the changes in the wood surface structure explored with the aid of light microscopy.
The roughness and waviness were measured with a profilometer Surfcom 130A (Carl Zeiss, Oberkochen, Germany). The measurements were carried out on the irradiated radial faces of beech specimens, parallel and perpendicular to the grain. There were measured the following roughness parameters: Ra-arithmetic mean deviation, Rq-root mean square deviation, Rz-maximum height of the assessed profile within a sampling length, Rt-maximum height of the assessed profile within the total length, RSm-mean distance between the valleys. The waviness was evaluated through the parameters Wa-arithmetic mean deviation and Wt-maximum height of the assessed profile. The sampling length values, ranging from 0.025 to 8 mm, were determined based on the preliminary measured values of roughness parameters Ra and Rz. The total measured length consisted of five sampling lengths.
Wood Wetting with Liquids and Assessment of its Surface Free Energy
The wood wetting process was accompanied with contact angle measurements up to the complete soaking of the testing-liquid drop into the substrate. The measuring equipment was a goniometer Krüss DSA30 Standard (Krüss, Hamburg, Germany). There were two applied testing liquids, differing in their polarity: redistilled water and diiodomethane. The reasons for using namely these liquids can be found in [42] . Diiodomethane is a non-polar liquid with its non-polar component of surface free energy higher than the disperse component of this energy in wood. Redistilled water represents polar-non-polar liquid with their polar component of surface free energy higher than the polar component of wood. The parameters of these two liquids are outlined in Table 1 . From the moment of the contact of the testing drop (volume 0.0018 mL) with the wood surface, the wood wetting and drop spreading along the fiber direction were inspected. The history of the drop shape, from the first contact up to the complete soaking, was recorded with a camera. The scanning frequency (number of scans per one second) was adjusted according to the wetting duration.
The drop shape was analyzed, and the contact angle was determined based on two methods: drop perimeter (circle) method and drop height and diameter (height-width) method ( Figure 3 ). The contact angle value θ0 was measured at the beginning of the wetting process, immediately after the drop applying onto the wood surface. The moment of reversing the advancing angle to the receding one was determined based on the parameter d (drop width) values. The contact angle measured at this moment was considered as an "equilibrium" contact angle-θe. Then, the contact angle values θ0 and θe were used for calculating the contact angle θw for an ideally smooth surface, following the method proposed by Liptáková and Kúdela [43] . This angle was subsequently applied for the calculation of surface free energy and its components. The contact angle measurements were carried out on each rest specimen at six points.
As the wood was wetted with two different liquids, the wood surface free energy was determined separately for wetting with water and with diiodomethane, according to the adjusted equation originally proposed by Neumann et al. [44] :
with the disperse and polar components and calculated in the following way, as suggested by Kloubek [45] . = · 1 + cos 2 ± · − 1 + cos 2 (7) = · 1 + cos 2 · − 1 + cos 2 (8) The resulting surface free energy of beech specimens irradiated with varied irradiation doses was determined as the sum of this energy polar component quantified with water and the disperse component obtained with diiodomethane.
Results and Discussion
The effective power Pe values delivered by the laser beam onto the specimen surface were 5.5 W and 11 W for the laser power values 4% and 8%, respectively. The obtained effective power values were used for calculating the irradiation doses according to Equation (1). The corresponding irradiation doses related to one beam path along the specimen were 11.2 J cm −2 and 22.4 J cm −2 , respectively.
As the focal distance between the specimen and the equipment focus was small, the engraving process was accompanied by the material degradation on the beech specimen surface. This mentions that the specimen surface temperature at the irradiation doses related was surely higher than 220 °C, which is in accord with the temperature values measured experimentally, with the aid of a thermal camera. Already at 4% laser power, the wood surface temperature at the contact spot between the laser beam and wood surface was approximately 500-550 °C, and at 8% laser power even over 800 °C. The width of the engraved track (0.14 mm) was controlled only by the width of the beam at the incidence spot, independent of the laser power. The degraded layer thickness increased proportionally with the radiation dose and with the raster density, representing from several micrometers to several tenths of a millimeter. This was also associated with significant changes in the wood surface color and morphology.
Color Change
The surface discoloration was the earliest change observed visually on the beech wood surface during the engraving process. The two-way variance analysis had a confirmed significant impact of the laser power, raster density, and their mutual interactions on the beech wood surface discoloration. The basic statistic characteristics for these two variables are shown in Table 2 .
The color coordinates of the original beech wood before irradiation were within the interval reported for this wood species by Babiak et al. [46] and Kurjatko et al. [47] . With scaling up the raster density; at 4% power, the lightness L* values exhibited a decrease, while the color coordinates a* and b* values increased, shifting toward red and yellow. In this way, the specimen surface was getting more and more brown saturated ( Table 2 ). The changes in the color coordinates ΔL*, Δa*, and Δb* related to the referential (control) specimens and the total color difference ΔE* are illustrated in Figure  4 . At the six-degree measurement scale referred by Allegretti et al. [48] , the total color difference ΔE* values ranged from degree 2 to degree 6. The discoloration varied from just visually detectable changes up to a completely new color hue.
At 8% laser power, the decrease in the lightness parameter L* with increasing raster density was more conspicuous. The changes in the color coordinates Δa* and Δb* were different in quality and quantity (Table 3, Figure 4 ). The total color difference ΔE* was much higher than 12, representing a completely new color, just at the raster density n = 1 mm −1 . This color difference was similar to the difference obtained at 4% power only for the highest raster density n = 20 mm −1 . With increasing raster density, the ΔE* increased up to the maximum value of 60 ( Figure 4 ). 
Surface Morphology
Engraving-induced impacts on the wood surface were also evident on beech wood surface morphology evaluated through specified roughness parameters. The values of the basic statistic roughness characteristics Ra, Rq, Rz, Rt, and RSm, measured parallel and perpendicular to the grain for all the engraving modes, are summarized in Table 4 . The effects of the irradiation parameters (laser power and raster density) and the effects of the anatomical direction exerted on the roughness parameters were assessed with the aid of three-way variance analysis. The analysis resulted in finding that all the three factors tested had significant effects on all the roughness parameters.
The results show that parallel to the grain, the effects of the treatment at 4% laser power on the roughness parameters were found to be significant, causing a moderate increase in surface roughness; however, they were not dependent on the chosen raster density. Contrarily, Haller et al. [9] report a roughness decrease induced by laser treatment. No significant changes in roughness were observed by Kúdela et al. [13] . However, it is necessary to note that the above reported studies were not performed under the same laser irradiation as our study. Under the same conditions, the roughness perpendicular to the grain was higher than parallel to the grain. Nevertheless, even in this case, no dependence of roughness on raster density was observed ( Figure 5 ). Raising the laser power to 8% was significantly reflected in the roughness increase. The values of roughness parameters Ra, Rq, Rz, and Rt measured parallel to the grain increased linearly with the increasing raster density (Figure 5 ). At the peak raster density, all the tested roughness parameters were even by one order higher. The Ra, Rq, Rz, and Rt measured perpendicular to the grain exhibited raster density-dependent courses similar to those measured parallel to the grain. However, in all cases, the corresponding values measured perpendicular to grain were higher. Contrarily, the mean distance between the valleys RSm initially increased and then moderately decreased with the increasing raster density. Perpendicular to the grain, an opposite course was observed ( Figure 5 ). Roughness dependence on laser power has also been confirmed by Gurau and Petru [29] .
To represent the wood surface geometry in more detail, the roughness evaluation was complemented with waviness evaluation through the parameters Wa and Wt. The results are shown in Table 4 . At 4% laser power, the changes in waviness parameters were small, without an evident increase with increasing raster density. Contrarily, there was observed a moderate decrease; however, it was irrelevant from the practical point of view ( Figure 6 ). Nor was the impact of anatomical direction identified as significant.
On the other hand, 8% laser power induced a threefold increase of the irradiation dose per unit area, with enhancing not only roughness but also the waviness of the wood surface. The waviness parameters linearly increased also with increasing raster density. Waviness is considered resulting from the interactions between the heterogeneous wood structure and the laser beam; at lower raster densities (1) (2) (3) (4) (5) , the impact of the cutting tool is also present. These three factors causing the waviness indicate that there are regularly repeated unevenness components with the wavelength longer than the length of the segment, the roughness of which is investigated.
(a) Parallel to grain (b) Perpendicular to grain Figure 6 . Effects of raster density on waviness parameters parallel (a) and perpendicular (b) to the grain on the beech wood surface engraved at a laser power of 4% and 8%.
Surface Wetting and Surface Free Energy
The wetting of a beech wood surface engraved with a CO2 laser was evaluated based on the contact angle values θ0, θe, and θw. The results demonstrate that the CO2 laser-induced changes in the beech wood surface morphology and chemical structure caused also changes in wetting of this surface with standard liquids. The testing liquid drop applied on the wood surface was continually spreading over the surface and, at the same time, soaking into the substrate.
The most wetted wood surface was obtained in the case of the referential specimens with a sanded surface (Figure 7 ). Some works have demonstrated that sanded beech wood surfaces, 
Wt [μm]
Raster density [mm -1 ] independent of the grain size, were more hygrophilous and better wetted than surfaces treated in another way, such as milling and heating [49, 50] .
The wood surface treatment with a CO2 laser performing at 4% power enhanced the contact angle values θ0, θe, and θw, showing significant differences in comparison with the referential specimens. With increasing raster density, the beech wood surface wetting was getting lower, which was evident from the higher contact angle values. A similar trend in contact angle change with an increasing CO2 laser irradiation dose was also obtained by Kúdela et al. [13] ; however, this observation was made with another laser type without beech wood surface engraving. An increase in contact angle values was also observed during wetting with diiodomethane. Poorer wetting was also responded by longer time periods, which were necessary for the complete drop spreading over and soaking into the substrate. In this case, the average time necessary for the complete soaking of drops applied on the beech wood surface irradiated with the CO2 laser ranged from 20 to 100 s. The average duration of the wood wetting process with diiodomethane was from 17 to 50 s. The surface modified in this way displayed higher hydrophobicity, which is in accord with Haller et al. [9] . In contradiction with the last cited authors, in our case, all the contact angle values were lower than 90°.
At the laser power of 8%, the increasing raster density resulted in the contact angle values first increasing and then decreasing down to the values obtained for the referential specimens or even lower. This suggests more probably increased wood hydrophilicity (Figure 7 ). In addition, the time necessary for the complete drop soaking into the substrate was shorter for this treatment way. The measured contact angle values displayed a considerable variability (with the variation coefficient ranging from 7% to 40%). This variability was on the background of the heterogeneity of the chemical wood surface structure as well as the heterogeneity of wood surface morphology.
Power 4%
Power 8% The contact angle θw values were used for the calculation of wood surface free energy Υ and the disperse and polar components of this energy, γ d and γ p , respectively (Figure 8 ). In the control specimens, the surface free energy calculated based on contact angle θw values determined with the aid of water was 70.7 mJ m −2 , with the polar component higher (42.4 mJ m −2 ) than the disperse component (28.3 mJ m −2 ). These results are in a good accordance with [50] .
After laser irradiation at 4% power, the increasing raster density caused the surface free energy to decrease, which was mainly due to the decrease in the polar component (Figure 8 ). On the other hand, the disperse component was rising moderately. The result was that the dispersive component outweighed the polar at raster densities 10 and 20. The surface free energy determined with the aid 
of diiodomethane was evidently lower, consisting almost only of the polar component and without essential changes depending on the raster density (Figure 8 ).
After laser irradiation at 8% power, the surface free energy did not show essential changes depending on the increasing raster density. The polar component was increasing moderately, and the disperse component, contrarily, was moderately decreasing. The surface free energy determined with diiodomethane was again distinctly lower, in this case consisting almost of the disperse component alone. With increasing raster density, the surface free energy displayed a moderate increase (Figure 8 ). Variation coefficients for the surface free energy ranged from 1.5% to 6%.
In addition in this case, the results confirmed the different performance of different liquid standards at their interface with wood. This was due to the differences in the surface free energy and in the disperse and polar components of this energy between the liquids. Following Kúdela [42] , the surface free energy was obtained as the sum of the polar component for wood determined with water and the disperse component determined with diiodomethane. The surface free energy values determined in this way are shown in Table 5 . Table 5 shows that at 4% laser power, the surface free energy values decreased with increasing raster density; however, the wood surface free energy was rather high. At the laser power of 8%, the surface free energy values at high raster densities of 10 and 20 mm −1 were even higher than the corresponding values obtained in the referential specimens.
Power 8% Thus, the surface free energy values represented in Table 5 are fairly high, suggesting a good prerequisite for attaining a strong adhesion of film-forming materials to wood. The negative factor affecting the gluing quality may be the high roughness observed at the laser power of 8% and at high raster density. 
Conclusions
The results indicate that the laser power and raster density had significant impacts on the beech wood surface properties investigated in this study.
At 4% laser power, the discoloration ranged from changes just identifiable with the unaided eye up to a completely new color hue. The lightness coordinate L* values were decreasing, with increasing coordinates a* and b* shifting toward red and yellow. As the results show, the wood surface was getting progressively more brown and saturated. At 8% laser power, the observed decrease in lightness L * was much more conspicuous, while the changes in the coordinates a* and b* were different equally in quality and quantity.
Increases in roughness and waviness were significant only at 8% laser power. The values of roughness parameters Ra, Rq Rz, Rt, Wa, and Wt measured equally parallel and perpendicular to the grain were increasing with the increasing raster density.
At 4% laser power, the increasing raster density lowered the beech surface wetting with water and with diiodomethane, which was evident from the higher contact angle values measured. The surface modified in this way appeared more hydrophobic. However, in all the cases, the contact angle values were lower than 90°. At 8% laser power, the increasing raster density was firstly responded by a moderate increase in contact angle values, followed by a decrease, down to the values equal to the referential ones or even lower. This suggests that in this case, enhanced wood hydrophilicity was more probable.
At 4% laser power, the calculated final values of surface free energy decreased with the increasing raster density, which was caused by the decrease in the polar component of this energy. At 8% laser power, the changes in surface free energy were very minor from the practical viewpoint. Evidently, there is a potential good adhesion between film-forming materials and wood.
